exist for the simultaneous measurement of these functions have so far depended either on solvent washout techniques (Diemer and Rosenprn, 1981; Furlow et aI., 1983) or on differential half-lives of the isotopes used (Jones et aI. , 1979; Lear et aI., 1981) . Lear et ai. (1984) developed a mathematical model to analyze data obtained using multiple ra dionuclides of differing half-lives. combined cyclotron-produced [18F]fluorodeoxyglu cose with [14C]IAP for simultaenous measurement of LCBF and LCGU. No autoradiographic method is available that combines LCpH and other mea surements, but a method using umbelliferone fluo rescence to measure LCpH could be combined with other autoradiographic evaluations (Csiba et a!., 1983) .
We have used [14C]DMO for the measurement of LCpH during the induction of and recovery from thiamine deficiency (Hakim, 1984) as well as fol lowing middle cerebral artery (MCA) occlusion (Kobatake et aI., 1984) . In both cases we reported that [14C]DMO appeared "unstable" in that, if not processed rapidly, brain slices containing [14C]DMO appeared to lose their activity. This pro cess was investigated and the results suggested that DMO sublimates. This property was exploited au to radiographically to measure LCpH simulta neously with other cerebral functions such as LCGU and LCBF. It is concluded that this is fea sible with no sacrifice in accuracy, and we report the data obtained in normal animals and in animals with MCA occlusion.
MATERIALS AND METHODS

Investigation of [14C]DMO behavior in brain sections
Autoradiography. Properties of [14C]DMO were inves tigated in part by using brain slices obtained from rats that underwent the procedure for measurement of LCpH published previously (Hakim, 1984) . Briefly, a 225-to 250-g male Sprague-Dawley rat was anesthetized with 1.5% halothane and one femoral artery and two veins were cannulated. It was then immobilized from the waist down by means of a loose-fitting plaster cast and allowed to recover from the anesthesia for at least 2 h. The physi ological state of each animal was assessed by monitoring arterial blood pressure (Roche Bio-Electronics, Kontron Scientific Ltd., Mississauga, Ontario, Canada) and rectal temperature (model 73A; Yellow Springs Instruments Co., Yellow Springs, OH, U.S.A.) and by measuring serum glucose (glucose analyzer model 23A; Yellow Springs Instruments Co.) and blood gases (Micro blood gas analyzer model 175; Corning, Boston, MA, U.S.A.). Hypothermic animals were warmed with a heating pad prior to the experiment until their rectal temperature reached 35-36°C. When the physiological parameters, and particularly serum pH, were stable and within the range established in our laboratory for normal rats, 60 f.LCi of [l4C]DMO (specific activity 55 mCi/mmol; Amer sham Corp., Oakville, Ontario, Canada) dissolved in sa line at a concentration of l OO f.LCi/ml was injected into the femoral vein. Arterial blood samples were taken at 30,55, 56, and 60 min after [l4C]DMO injection for determina tion of plasma [14C]DMO radioactivity. Arterial blood gases were taken at 30, 45, and 55 min, and all other physiological measurements were repeated twice fol lowing [14C]DMO injection. The total blood volume with drawn for these measurements amounted to � 1.4 ml. Sixty minutes following [l4C]DMO injection, the animal was decapitated and the brain was rapidly removed and frozen in Freon 12 after careful removal of blood and pia.
Consecutive 20-f.Lm-thick brain sections were then ob tained using a cryostat (American Optical Co., Buffalo, NY, U.S.A.) at -22°C. Each section was collected on a glass cover slip and dried at room temperature. Control sections were exposed to film immediately (Kodak SB5), but other adjacent sections were left in a fume hood for intervals of 2, 4, 6, 8, and l O days. The sections were put flat at the bottom of the fume hood with an air draft of 83 m3/min at a temperature of 28°C. All sections were ex posed to film for 8 days at 4°C. sublimate during the first exposure of the brain slices to film, sets of six consecutive 20-f.Lm brain sections were obtained from the frozen brain of a rat that had received [14C]DMO, These were prepared as above and immedi ately exposed to x-ray film for I, 2, or 3 days. The sec tions were then carefully scraped each into an empty liquid scintillation counting vial. An additional six con secutive sections were also prepared as above except that they were not exposed to film. One milliliter of Solulyte (1. T. Baker Chemical Co., Phillipsburg, NJ, U.S.A.) was then added to each vial; 24 h later, with evident complete digestion of the brain sections, scintillation fluid was added and the vials were stored in the dark for 24 h to decrease chemiluminescence and then counted.
Sublimation
Determination of LCpH with LCGU or LCBF in normal rats
Measurements of LCpH, LCGU, and LCBF obtained in normal rats using double-and single-label methods were compared. For the double-labd determinations, the animal was prepared and [14CJDMO administered as above except that 85 f.LCi of [14C]DMO was injected. At 60 min following this administration, the second labeled compound was given. Depending on whether the desired combination was determination of LCpH with LCGU or with LCBF, the procedure below was followed. [l4C]Toluene (New England Nuclear) was used for in ternal standardization. Arterial blood gas and physiolog ical measurements were obtained once following injec tion of the second isotope. Blood withdrawn from the an imal following [l4C]DG injection was 2.9 ml. The animal was decapitated 45 min after [l4C]DG injection, and the brain was removed, immediately frozen in Freon 12 chilled at -5SOC with liquid nitrogen, mounted, coated with embedding matrix, and stored at -70°C until sec tioned. Sections 20 /Lm in thickness were then obtained as above and exposed to x-ray film (Kodak SB-5) for 3 days. Local tissue concentration of 14C was determined from the optical densities of anatomic structures, and ap propriately calibrated [l4C]methylmethacrylate standards (New England Nuclear) were included in every autora diograph. The densitometric measurements were made with a photovolt densitometer (model 52; Photovolt Co., New York, NY, U.S.A.) equipped with a O.I-mm aper ture. Each structure was identified and read at least once on at least five different sections. Different cerebral structures were identified from a published atlas (Konig and Klippel, 1963) and one provided by Dr. L. Sokoloff. Following this, the brain sections were placed in the fume hood for at least 10 days, reexposed for 3 days on similar film as above, and the structures identified and read as above. Control autoradiographic sections obtained from animals receiving similar quantities of only [l4C]DMO or [14C]DG were included with every experiment to ascer tain total loss of[14C]DMO, on the one hand, and absence of any effect of exposure in the fume hood for this dura tion on [l4C]DG, on the other.
LCpH
LCpH-LCBF. If the measurement combination de sired was LCpH-LCBF, then at 60 min following [14C]DMO injection, 30 /LCi of [14C] IA P (specific activity 1.47 mCilmmol; Amersham) was injected intravenously in 1.8 ml of saline. The injection was programmed to re sult in a linear rise of [14C] IA P activity in the arterial blood, which was collected from the free-flowing arterial catheter. This blood was collected onto preweighed filter paper disks placed in small plastic beakers and the sam pling was timed. At I min from the start of injection, the animal was decapitated. The beakers containing the blood were capped and reweighed, and the volume of blood collected was calculated on the basis of an assumed specific gravity of 1.05 g/ml of blood. The brain was then processed as above with the appropriate controls.
Determination of LCpH with LCBF in MCA-occluded rats
To determine the applicability and precision of this technique in an acute pathophysiological setting, LCpH and LCBF were determined by the described double label method in MCA-occluded rats. The data were com pared with the same functions determined singly. The an imal was fasted overnight and the method used to occlude the MCA was that of Ta mura et al. (l98 1a). Exposure of the animal to anesthetic was discontinued as soon as the scalp wound was closed. Three hours following the oc clusion, 85 /LCi of [l4C]DMO was injected, followed 60 min later by injection of 30 /LCi of [14C] IA P. The re mainder of this procedure and the frequency of the physi ological determinations were identical to those followed in normal rats above.
Quantitation of LCpH, LCGU, and LCBF
General considerations. The determination of cerebral perfusion or glucose utilization simultaneously with pH by our proposed methodology required measurement or calculation of blood or plasma as well as regional cerebral concentrations of the individual tracers. In addition, con ditions necessary for the validity of the mathematical models used to calculate the physiological functions were maintained. Calculation of the activities of the various isotopic species was as follows:
Each type of experiment for brain activity yielded two films: the first contained both isotopes given and the second, obtained following sublimation of [14C]DMO, contained only the second isotope. The injected concen trations of the tracers were such as to result in approxi mately equal isotope concentrations in the first exposure. The control single-label sections were used to ascertain the total loss of [l4C]DMO following 10 days of exposure to the atmosphere. The local tissue concentrations of 14C were then determined in each film and the local [14C]DMO concentrations obtained by subtracting the concentrations in the second from the first film.
Plasma activity of [14C]DMO was measured before in jection of the second tracer. When [l4C]DG was injected, calculation of the concentrations of the two species re quired an assumption of the rate of decline of [14C]DMO. In a previous publication (Kobatake et aI., 1984) , we measured the plasma concentrations of [14C]DMO fol lowing injection and calculated the rate of decline of plasma activity between 60 and 120 min to be 6.8%/h. Thus, when the measurements were of LCpH-LCGU, this rate of decline was used in calculating the plasma activity of [14C]DMO at decapitation. The influence of variations in this rate of decline on the final determina tions of LCG U and LCpH was assessed ( Calculation. Once the individual serum and cerebral isotope concentrations were determined, LCGU was cal culated by the method of Sokoloff and associates (1 977) and LCBF by that of Sakurada et al. (1 978). To calculate LCpH, it was assumed that serum and brain pH were stable, that the un-ionized form of DMO permeated cell membranes freely such that its concentration in all com partments at equilibrium was identical, and that the ion ized species was not freely permeable (Arnold et aI., 1985) . A weighted average of intracellular and extracel lular pH (pH,) could then be calculated as follows for a two-compartment model consisting of tissue and plasma (Hakim, 1984; Kobatake et al.) :
[DMO],
[DMO]p IO pHt-6.13 + !OpH p-6.13 + where 6. 13 is the pKa of DMO; [DMO] , and [DMO]p are the total measured tissue and plasma tracer concentra tions, respectively; and pHp is plasma pH. The values used for [DMO]p and pHp were the means of the last three measurements in each case. Water content in plasma, gray matter, and white matter were assumed to be 0.93, 0.8 1, and 0.69, respectively (Katzman and Pappius, 1973) .
Statistical analysis
Mean LCpH, LCGU, and LCBF values obtained from double-label experiments were compared in each listed structure with the means obtained from single-label ex periments by Student's t test. The physiological data in the single-and double-label experiments were compared by the Bonferroni method (Dunnett, 1964) .
RESULTS
Behavior of [14C]DMO in brain sections
The concentration of [I4C]DMO in 20-f.Lm-thick brain sections exposed in the fume hood as de scribed above was measured in 10 cerebral struc tures.
[14C]DMO loss was on average 82 ± 5% of the original content following 48 h and 99 ± 1 % following 4 days in the fume hood. No x-ray evi dence of [14C]DMO was noticeable at this time but for all double-label experiments, we maintained all brain sections in the fume hood until the control brain sections labeled only with [14C]DMO showed complete disappearance of the label. Te n days was usually sufficient to ensure complete sublimation. This rate of [14C]DMO loss was temperature depen dent. There was no loss of [14C]DMO from brain sections when they were exposed to x-ray film for up to 3 days, implying that no loss of [14C]DMO occurred during exposure of brain sections to the first film. When unlabeled crystalline DMO was maintained in a dish in the same fume hood, it lost 0.3% of its weight per hour. Maintaining crystalline [14C]DMO at 50°C for 24 h resulted in the conden sation of 29% of the contents' activity on a cold surface, indicating a sublimation rate of � 1.2%!h at this temperature. Finally, there was no 14C0 2 trapped into KOH, and mass spectrometry showed no influence of exposure to atmosphere for 10 days on the structure of unlabeled DMO. These data led to the conclusion that [14C]DMO sublimates and that exposure of brain sections containing it to the atmosphere can result in total loss of radioactivity without any residual.
Error analysis
Tracer concentration in brain. It can be seen that varying the rate of decline from 0 to 10%!h during the 45 min after [14C]DG injection has no effect on LCpH but, de pending on the rate of glucose utilization, may af fect LCGU by up to 30%.
Physiological data in rats
Ta ble 3 shows the physiological data in the single and double-label groups of normal and MCA-oc cluded animals. It can be seen that the determina tions made in the double-label experiments were not significantly different from those in single-label groups except for an occasional higher P0 2 level. The blood pressures shown indicate that the addi tional blood samples taken during double-label as compared with single-label experiments did not re sult in hypotension.
LCpH, LCGU, and LCBF in normal rats
Ta ble 4 shows the results obtained for LCpH, LCGU, and LCBF obtained from single-and double-label experiments in normal rats. There were at least five rats in each group. The LCpH data listed in this table for the double-label experi ments are the means of those obtained from the LCpH-LCGU determinations. It can be seen that the pH in only one structure (the cerebellar white matter) determined by the double-label technique was significantly different from that obtained by the single-isotope method.
LCpH and LCBF in MCA-occluded rats
Ta ble 5 shows LCpH and LCBF values deter mined from single-and from double-label experi ments in rats 4 h after MCA occlusion. There were at least four rats in each group. For all structures the difference in LCpH between the two methods was <0.15. There were no statistically significant differences in LCBF values between those obtained by the single-or double-label methods for any structure within the occluded or contralateral hemi spheres. 
DISCUSSION
The method outlined permits the autoradiograph ic measurement of cerebral pH using [14C]DMO si multaneously with the measurement of LCG U or LCBF. It is based on a property of DMO that we document in this work, i. e. , it sublimates. Accord ingly, when [l4C]DMO is given to the animal fol lowed by either [l4C]DG or [14C]IAP, this property permits the autoradiographic determination of the individual isotopic species in brain. The advantage this technique has over other double-label methods is that [14C]DMO and the other 14C-isotope can be completely separated. Ta ble 1 shows that incom plete sublimation of [l4C]DMO would introduce sig nificant errors in LCBF, particularly in structures with lower levels of perfusion; but when the subli mation is complete, the method can predict LCpH, LCGU, and LCBF in normal rats as accurately as the traditional single-label methods ( Table 4 ).
The advantage of this technique is particularly evident in MCA-occluded rats (Table 5) where, de spite the animal-to-animal variability seen in isch emia, LCpH and LCBF values obtained by single-and double-label methods are comparable. LCBF values in contralateral hemisphere structures are comparable with those found in control rats and those reported by Tamura et al. (l981b) . In these same structures LCpH values remain normal. In the territory of MCA occlusion, our LCBF values 4 h after occlusion are somewhat higher than those reported by Tamura et al. (1981b) at 30 min; but in addition to the differences in timing, the arterial P02 levels imposed by those authors were considerably above those we are reporting and may have con tributed to the lower LCBF values they measured. The agreement we are reporting in both the isch emic and the contralateral hemispheres between the single-and double-label experiments shows that this method remains valid at least in this patholog ical condition where both LCBF and LCpH de crease. Because the two isotopic species can be separated completely, and provided it is ascer tained that the sublimation of [14C]DMO is com plete, it should be possible to use this method re gardless of the direction or the magnitude of changes in the two isotopic species employed. Tables I and 2. a Significantly different from the lowest single-label determination at p < 0.05.
Unrelated to the use of this double-label tech nique is the validity of the individual methods for the determination of LCpH and LCG U. Several publications have discussed the use of DMO to measure LCpH particularly using ["C]DMO and positron emission tomography (Rottenberg et a!. , 1984; Syrota et a!. , 1985) . The effects of changes in blood volume and the assumption of equality of pH in plasma and extracellular space on LCpH are small (Arnold et al., 1985) . Syrota et al. (1985) have shown that no definite relationship is noted in human infarcts between measured changes in pH and the size of the extracellular space, confirming our calculations (Kobatake et al. , 1984) and those of Arnold et a!. (1985) that intracellular pH is rela tively insensitive to the size of this space and is re lated to it nonlinearly. We do not report LCGU measurements in the MCA-occluded rats to avoid possible inaccuracies in its determination arising from the effect of ischemia on the rate constants (Hawkins et a!., 1981) ; but our technique should permit the calculation of LCpH simultaneously with either LCGU or LCBF, once the adequacy of the assumptions for the use of the individual models has been verified. The need for such simul taneous measurements is evident by the number of Lear et al. (1981) in which [1 2 3I]lAP was used and an 8% overlap was noted on exposure of the images. Furlow et al. (1983) determined these same parameters using chemical washout of [14C]IAP, but it has recently been shown that the procedure will not produce quantitatively accurate LCG U and LCBF values (Jones and Greenberg, 1985) . The method proposed by Sako et al. (1984) results in very little overlap between [lSF]fluorodeoxyglucose used to measure LCG U and [14C]IAP to measure LCBF, but a disadvantage of the technique is the need to use a short-half-life cyclotron-produced compound. Lear et al. (1984) have recently devel oped a generalized method for quantitative simulta neous multiple-radionuclide autoradiography, but the method seems best suited for isotopes of dif fering half-lives. There are many potential applications for a tech nique that can measure cerebral pH and cerebral glucose utilization or perfusion in the same animal. Our technique could permit studying encephalo pathies where cerebral acidosis is known to occur, such as in some stages of uremia (Arieff et aI., 1976) , 1968; Hakim, 1984) . In the latter condi tion, cerebral regions vulnerable to the develop ment of histological damage show substantial aci dosis (Hakim, 1984) independently of variations of LCBF (Hakim, 1986) . In ischemia there is evidence in the literature that cerebral acidosis may play a significant role in determining tissue viability (Rehncrona et aI., 1980 (Rehncrona et aI., , 1981 Plum, 1983) . In this setting, an initial regional cerebral acidosis (Astrup et aI., 1977; Harris and Symon, 1984) gradually turns alkalotic during the recovery process (Mabe et aI., 1983; Syrota et aI., 1983) , while blood flow following cerebral ischemia is variable (Heiss et aI., 1976; Tr aupe et aI., 1982; Kagstrom et aI., 1983a,b) . The technique presented here would not only con firm LCpH and LCBF changes, but in addition in teractions between these two functions could be assessed, e.g., whether, on the one hand, acidosis has a significant vasodilating influence in ischemia (Wahl et ai., 1970; Kuschinsky et ai., 1972) and, on the other, what the effect of reperfusion on LCpH might be (Mabe et al., 1983) . Measurement of LCpH and LCBF in the evaluation of some ther apies proposed in ischemia is presented in the com panion article (Hakim, 1986b) .
Schenker
The usefulness of this technique for the com bined measurement of LCpH and LCG U is prob ably more limited. A correlation between the de gree of acidosis and the severity of suppression in glucose utilization may be seen in various models (Van Nimmen et al. . 1983; Hakim. 1985) . but the need to determine the individual rate constants in some pathological situations (Hawkins et al.. 198 1; Wienhard et al.. 1983 ) detracts from the usefulness of this particular combination.
